Numerical analysis of high-strength concrete-filled steel tubular slender beam-columns under cyclic loading
Introduction
High strength thin-walled rectangular CFST slender beam-columns have increasingly been used in composite buildings and bridges in seismic regions due to their high structural performance such as high strength, high stiffness, high ductility and large energy absorption capacity. In seismic regions, thin-walled CFST slender beam-columns may be subjected to a constant axial load from upper floors and cyclically varying lateral loading due to the earthquake. These cyclically loaded beam-columns may undergo cyclic local and global interaction buckling, which makes the predictions of their cyclic performance highly complicated. Cyclic local buckling reduces the strength and ductility of thin-walled CFST slender beam-columns. It is therefore important to incorporate cyclic local buckling effects in nonlinear analysis techniques so that the cyclic performance of thin-walled CFST slender beam-columns under cyclic loading can be accurately predicted.
Experimental studies on the ultimate strengths of CFST columns under monotonic axial load or combined monotonic axial load and bending have been very extensive in the past [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
However, only limited tests have been conducted on CFST beam-columns under cyclic loading. Experiments on square CFST beam-columns under axial load and cyclic lateral loading were performed by Varma et al. [13, 14] . These test specimens were made of high strength concrete of 110 MPa and steel tube with yield stress ranging from 269 MPa to 660
MPa. Their studies indicated that the cracking of the infilled concrete and local buckling of the steel tubes reduced the flexural stiffness of CFST beam-columns. Han et al. [15] investigated experimentally the effects of the depth-to-thickness ratio, concrete compressive strength and axial load level on the cyclic behavior of square and rectangular CFST beamcolumns. They reported that local buckling of CFST beam-columns occurred after the steel yielded. Tests on normal strength square CFST beam-columns under cyclic loading were undertaken by Wu et al. [16] . It was observed that the steel tube walls buckled outward after the concrete was damaged.
Various nonlinear analysis techniques for predicting the cyclic responses of CFST beamcolumns have been reported in the literature. Varma et al. [13] developed a fiber element model for rectangular CFST beam-columns under cyclic loading. The uniaxial cyclic stressstrain relationships for steel and concrete were derived from the nonlinear finite element analyses of CFST beam-columns. The stress-strain curve for steel in compression was modified to approximately account for the effects of local buckling. Gayathri et al. [17, 18] proposed an efficient fiber element technique for the nonlinear analysis of CFST short and slender beam-columns under monotonic and cyclic loading. Their technique was formulated for normal strength CFST beam-columns where local buckling effects were not included.
Chung et al. [19] presented a fiber element model for the analysis of cyclically loaded square CFST beam-columns. The effect of local buckling was approximately taken into account in the model by modifying the stress-strain curve for steel in compression. However, their model did not consider concrete tensile strength and high strength materials. Zubydan and ElSabbagh [20] proposed a mathematical model for the nonlinear analysis of normal strength rectangular CFST beam-columns where local buckling was approximately considered by modifying the stress-strain curve for steel in compression. The fiber element model presented by Wu et al. [16] could be used to analyze normal strength square CFST beam-columns, providing that the steel sections are compact. It should be noted that the modified stress-strain curve method used in the above mentioned models might overestimate or underestimate the cyclic local buckling strengths of steel tubes under stress gradients. This is because they can not model the progressive cyclic local buckling of the steel tube from the onset to the postlocal buckling, which is characterized by stress redistributions within the buckled tube wall.
The local buckling problem of thin-walled CFST columns has been studied experimentally by various researchers [21] [22] [23] [24] . Liang et al. [25] proposed a fiber element model for the nonlinear analysis of thin-walled CFST short columns under axial compression, accounting for progressive local buckling effects by using effective width formulas. Liang [26, 27 ] developed a numerical model for simulating the axial load-strain responses, moment-curvature relationships and axial load-moment interaction diagrams of high strength rectangular CFST short beam-columns under axial load and biaxial bending. The effects of local buckling of steel tube walls under stress gradients were incorporated in the model by using initial local buckling equations and effective width formulas proposed by Liang et al [28] . Patel et al. [29, 30] and Liang et al. [31] extended the numerical models developed by Liang et al. [25] and Liang [26, 27] to the nonlinear analysis of eccentrically loaded high strength thin-walled rectangular CFST slender beam-columns considering the effects of local buckling, geometric imperfections, second order and high strength materials.
The above literature review indicates that there is relatively little numerical study on the fundamental behavior of cyclically loaded high strength rectangular CFST slender beamcolumns with large depth-to-thickness ratios. In this paper, a numerical model is developed to simulate the cyclic performance of high strength thin-walled rectangular CFST slender beamcolumns incorporating cyclic local buckling effects. Comparative study is undertaken to verify the numerical model. The fundamental cyclic behavior of CFST slender beam-columns under constant axial load and cyclically varying lateral loading is investigated using the computer program developed and the results obtained are discussed.
Material constitutive models

Cyclic constitutive models for concrete
The confinement provided by the steel tube increases only the ductility of the concrete core in a rectangular CFST column but not its strength. This confinement effect is considered in the cyclic stress-strain curves schematically depicted in Fig. 1 . The cyclic stress-strain relationships account for the effects of stiffness degradation and crack opening and closing characteristics of concrete under cyclic loading. The envelope curve for the concrete under cyclic axial compression can be characterized by the monotonic stress-strain curve of the concrete, which is divided into ascending, constant, linearly descending and constant parts as shown in Fig. 1 The parts AB, BC and CD of the stress-strain curve for concrete in CFST columns as shown in Fig. 1 are defined by the following equations given by Liang [26] : In Eq. (8), u E is the initial modulus of elasticity at the unloading proposed by Mander et al. [32] and is expressed by:
For the reloading of concrete, a linear stress-strain relationship is assumed as follows:
where r E is given by re ro
in which ro f is the concrete stress at the reloading, ro ε is the strain at ro f , and re ε and re f are the return strain and stress on the monotonic curve as shown in Fig. 1 .
The envelop stress-strain curve for concrete under tension is divided into the linear descending and ascending parts as shown in Fig. 1 . The concrete tensile stress linearly increases with the tensile strain of concrete up to concrete cracking. After concrete cracking, the tensile stress of concrete is inversely proportional to the tensile strain of concrete up to the ultimate tensile strain. The tensile strength of concrete is taken as ' cc f .6 0 . The concrete tensile stress is considered zero at the ultimate tensile strain. The ultimate tensile strain is taken as 10 times of the strain at cracking.
For unloading from a compressive envelope curve, the stress in the concrete fiber under tension can be given by: (14) in which
For unloading from a tensile envelope curve, the reloading the concrete cannot carry the load up to the tensile strength so that the reloading branch follows the unloading branch.
Cyclic constitutive models for structural steels
The cyclic stress-strain relationship for the structural steels is shown in Fig. 2 . The mild structural steels have a linear stress-strain relationship up to sy f .9 0 , where sy f is the steel yield strength. The parabolic curve for cold-formed structural steels can be defined by the equation proposed by Liang [26] . The parabolic curve is replaced by the straight line for high strength steels. The hardening strain st ε is assumed to be 0.005 for high strength and coldformed steels and 10 sy ε for mild structural steels in the numerical model. The ultimate strain of steels is taken as 0.2.
For the cyclic stress-strain curve, the unloading follows a straight line with the same slope as the initial stiffness as shown in Fig. 2 . The unloading part of the structural steels can be defined by the following equation:
where s σ is the stress in a steel fiber, s E is the Young's modulus of steel, s ε is the strain in the steel fiber and mo ε is given by:
in which o ε is the strain at the unloading, o f is the stress at the unloading.
The reloading curve for steels is described by the equations given by Shi et al. [35] as:
where η is proposed by Shi et al. [35] as: ε can be determined from the monotonic stress-strain curves. For the strain greater than the strain b ε , the cyclic skeleton curve is used to predict the stress in the steel fiber.
After initial reloading, the reloading is directed toward the previous unloading.
Modeling of cross-sectional strengths
Strain calculations
The behavior of composite cross-sections is modeled using the accurate fiber element method.
The cross-section is divided into fiber elements as shown in Fig. 3 . Each fiber element can be assigned with either steel or concrete material properties. Fiber element stresses are calculated from fiber strains using cyclic stress-strain relationships. The strain t ε at the top fiber of the cross-section can be determined by multiplication of the curvature φ and the neutral axis depth n d . For bending about the x-axis, strains in concrete and steel fibers can be calculated by the following equations proposed by Liang [26] : y is the coordinates of the fiber i and i ε is the strain at the th i fiber element.
Initial local buckling of steel tube walls under stress gradients
The steel tube walls of a CFST column are restrained by the concrete core so that they can only buckle outward. The edges of the tube wall can be assumed as clamped. Liang et al. [28] developed nonlinear finite element models to study the local and post-local buckling behavior of clamped steel plates that form a CFST column under stress gradients. The models , which were balanced by the tensile residual stresses locked in the same plate. Based on the finite element results, Liang et al. [28] proposed a set of formulas for determining the initial local buckling stress of steel tube walls subjected to compressive stress gradients. These formulas are incorporated in the numerical model to determine the onset of cyclic local buckling of thin-walled CFST slender beam-columns.
Post-local buckling of steel tube walls under stress gradients
The effective width concept is usually used to determine the post-local buckling strengths of thin steel plates. Liang et al. [28] proposed a set of effective width formulas for steel tube walls of CFST columns under compressive stress gradients. The effective width is a function of the width-to-thickness ratio ) ( t b and compressive stress gradient ) ( s α . Their formulas are incorporated in the numerical model to determine the ultimate strengths of steel tube walls subjected to stress gradients. 
where b is the clear width of a steel flange or web in the section, and
σ is the maximum edge stress acting on the steel tube wall and 2 σ is the minimum edge stress acting on the same steel tube wall. It is noted that the effective width formulas were proposed for clamped steel plates with b/t ratio ranging from 30 to 100. For a plate with a b/t ratio less than 30, the plate is treated as compact.
The post-local buckling of a thin steel plate is characterized by the gradual redistribution of stresses within the buckled plate. After the onset of local buckling, the ineffective width of the plate increases with increasing the compressive load until the plate attains its ultimate strength, which is governed by the effective widths given by Eqs. (25) and (26) . In the present study, the progressive post-local buckling of steel tube walls under stress gradients is modeled by gradually redistributing the normal stresses within the steel tube wall. This can be done by assigning the steel fiber elements located in the ineffective areas to zero stress (Liang 26). A is the area of concrete fiber j , i y is the coordinates of steel element i , j y is the coordinates of concrete element j , ns is the total number of steel fiber elements and nc is the total number of concrete fiber elements.
Stress resultants
The Müller's method
The Müller's method [36] is an efficient numerical technique for solving nonlinear equilibrium equations. It is a generalization of the secant method, which has been used to obtain nonlinear solutions to CFST short beam-columns under axial load and biaxial bending by Liang [26] . (29) is taken as the same sign of m b .
Modeling of cyclic load-deflection responses
Formulation
A cantilever column under a constant axial load ( ) P and cyclically varying lateral loading ( ) F is considered in the numerical model. The deflected shape and coordinate system for the cantilever column are depicted in Fig. 4 , where L represents the actual length of the column and l u demotes the lateral deflection at the tip of the column. The effective length of the cantilever column is taken as L 2 . The deflected shape of the cantilever column is assumed to be part of a sine wave which is described by the following displacement function:
The curvature along the length of the cantilever column can be derived from Eq. (33) as
The curvature at the base of the cantilever column is given by
The external moment at the base of the cantilever column can be determined as
in which e is the eccentricity of the axial load and it is taken as zero for the pure axial load in the present study, lo u is the initial geometric imperfection at the tip of the cantilever columns.
The column must satisfy the force and moment equilibrium conditions at its base as follows:
( )
where x M is the internal bending moment of the cross-section at the column base.
The lateral load can be determined as:
Computational procedure
An incremental-iterative numerical scheme based on the displacement control method was φ at the base of the cantilever column. (10) Calculate fiber strains and stresses using cyclic stress-strain relationships.
(11) Check cyclic local buckling and update steel fiber stresses.
(12) Calculate resultant force P considering local buckling effects. The convergence tolerance k ε is taken as 4 
10
− in the numerical analysis.
Validation of the numerical model
The accuracy of the developed numerical model is evaluated by comparing the numerical solutions with experimental results given by Verma et al. [14] . The ultimate cyclic lateral loads and cyclic load-deflection curves for high strength thin-walled square CFST beamcolumns are considered in the verification of the numerical model developed.
Ultimate cyclic lateral loads
The dimensions and material properties of high strength CFST beam-columns tested by
Varma et al. [14] are given in The depth-to-thickness ratios ( ) t D ranged from 34 to 52 while the length of the column was 1200 mm. The steel tube of the specimens was filled with high strength concrete of 110 MPa.
It should be noted that the concrete compressive strength given in Table 1 
Cyclic load-deflection curves
Cyclic load-deflection curves provide useful information on the initial stiffness, ultimate 
Parametric study
In the parametric study, the axial load was taken as 10% of the ultimate axial strength of the column cross-section. The computer program developed by Liang et al. [25] was used to determine the ultimate axial strengths of column cross-sections under axial compression. In the present study, the initial geometric imperfection at the tip of the beam-column was taken The typical cyclic loading pattern used in the parametric study is illustrated in Fig. 8 .
Effects of local buckling
The numerical model was employed to investigate the effects of cyclic local buckling on the cyclic lateral load would be expected if higher axial load was applied to the column. In addition, cyclic local buckling tends to reduce the ductility of the column under cyclic loading, which is important for seismic design of composite buildings. These highlight the importance of considering cyclic local buckling in the analysis and design.
Effects of column slenderness ratio
The numerical model developed was used to examine the important effects of the column slenderness ratio. High strength thin-walled CFST slender beam-columns with a cross-section of 700 × 700 mm were considered. The depth-to-thickness ratio of the section was 70.
Column slenderness ratios ( ) This demonstrates that the column slenderness has a significant effect on the cyclic lateral load capacities of CFST slender beam-columns.
Effects of depth-to-thickness ratio
Local buckling of thin-walled rectangular CFST slender beam-columns depends on its depthto-thickness ratio ( ) This is because the moment capacity of the cantilever column is significantly increased by increasing the steel yield stress. Consequently, the use of high strength steel tubes leads to a significant increase in the cyclic lateral load capacities of CFST slender beam-columns.
Conclusions
This paper has presented a numerical model for the nonlinear inelastic analysis of high 
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